[1] We investigated how climate, rising atmospheric CO 2 concentration, increasing anthropogenic nitrogen deposition and land use change influenced continental river flow over the period 1948-2004 using the Community Land Model version 4 (CLM4) with coupled river transfer model (RTM), a global river routing scheme. The model results indicate that the global mean river flow shows significant decreasing trend and climate forcing likely functions as the dominant controller of the downward trend during the study period. Nitrogen deposition and land use change account for about 5% and 2.5% of the decrease in simulated global scale river flow, respectively, while atmospheric CO 2 accounts for an upward trend. However, the relative role of each driving factor is heterogeneous across regions in our simulations. The trend in river flow for the Amazon River basin is primarily explained by CO 2 , while land use change accounts for 27.4% of the downward trend in river flow for the Yangtze rive basin. Our simulations suggest that to better understand the trends of river flow, it is not only necessary to take into account the climate, but also to consider atmospheric composition, carbon-nitrogen interaction and land use change, particularly for regional scales. Citation: Shi, X., J. Mao, P. E. Thornton, F. M. Hoffman, and W. M. Post (2011), The impact of climate, CO 2 , nitrogen deposition and land use change on simulated contemporary global river f l o w , G e o p hy s . R e s . L e t t . , 3 8 , L 0 8 7 0 4 , d o i : 1 0 . 1 0 2 9 / 2011GL046773.
Introduction
[2] Climate change and human activities are expected to change the global hydrological cycle in the coming decades [Gedney et al., 2006; Labat et al., 2004; Milly et al., 2005; Oki and Kanae, 2006] . There is a prevailing notion that as climate warming continues there will be an intensification of the hydrological cycle that can lead to more severe storms, floods, and droughts [Huntington, 2006; Tucker and Slingerland, 1997] . However, the changing hydrological cycle is not only a function of climate; vegetation plays a key role over land. The impact of plants on regulating future hydrology is important and needs to be considered in light of multiple influences on ecosystems, including changes in atmospheric CO 2 concentration and nitrogen limitation [Felzer et al., 2009] .
[3] Elevated CO 2 can influence the hydrological cycle in two different ways. On one hand, elevated CO 2 results in reduced stomatal conductance, and less water is lost from leaves to the atmosphere in a high-CO 2 atmosphere [Field et al., 1995] (stomatal closure effect). A previous study [Gedney et al., 2006] has shown that increasing CO 2 concentrations over the period have reduced evapotanspiration (ET) and increased runoff through the stomatal closure effect Piao et al. [2007] and Krakauer and Fung [2008] found that climate and land use change play more important roles than the stomatal closure effect in increasing runoff. On the other hand, rising CO 2 can increase photosynthesis. If more primary production is allocated to leaf production, then leaf area index (LAI) may increase, leading to increased ET [Alkama et al., 2010; Betts et al., 2007; Cramer et al., 2001; Felzer et al., 2009] (LAI effect).
[4] The ability of plants to respond to elevated CO 2 may also be controlled by nutrient limitation. For example, plant growth due to CO 2 fertilization may be reduced in nitrogenlimited conditions [Norby et al., 2010] , while anthropogenic nitrogen deposition has reduced nitrogen limitation in temperate and boreal forests [Magnani et al., 2007; Melillo and Steudler, 1989] .
[5] Land use is another factor controlling the water balance of ecosystems and the associated river flow. Piao et al. [2007] have reported that land use could play an important role on the global river runoff via a decrease in ET when irrigation is neglected. Over China, deforestation leads on average to increased ET for the 20th century, due to the irrigation of agricultural land replacing forest [Liu et al., 2008] . Over the Tocantins Basin of the Amazonian region, an increase in agricultural land with no precipitation change leads to an increase in river runoff [Costa et al., 2003] .
[6] River flow is a temporally lagged, spatial integration of runoff over a river basin. It is a useful indicator of freshwater availability, and can thus be used to indicate likely impacts of climate change and other external forcing (atmospheric CO 2 concentration, nitrogen deposition and land use change) on water resources and flooding. However, most earlier studies of changes in river flow at the global scale have used stand-alone river flow models driven by climate data output from General Circulation Models [Arnell, 2003 [Arnell, , 1999 Milly et al., 2005; Nijssen et al., 2001a Nijssen et al., , 2001b . Only a few studies have used a comprehensive land surface model including a river routing sub-model to investigate the impact of climate change on global river flow [Dai et al., 2009; Falloon and Betts, 2006] . Many previous studies focused on the impacts of different driving factors, such as climate change, atmospheric CO 2 concentration, land use change and nitrogen limitation on runoff [Betts et al., 2007; Cramer et al., 2001; Felzer et al., 2009; Gedney et al., 2006; Piao et al., 2007] . However, globally comprehensive analyses of the impacts of the different driving factors mentioned above on river flow are lacking. In addition, datasets with observed streamflow from farthest downstream gauge stations exist, while there is not directly observed runoff data. Thus, the purpose of the present study is to investigate how climate, combined with atmospheric CO 2 , nitrogen deposition and land use change, have modified the regional and global river flow patterns. We use the CLM4 including prognostic carbon and nitrogen cycles and a river transfer model (RTM), to separately quantify the hydrological contributions of the different driving factors. Previous modeling studies on the hydrological cycle in Community Climate System Model (CCSM) used CLM3 without dynamic carbon and nitrogen biogeochemistry [Dai and Trenberth, 2002; Oleson et al., 2008; Qian et al., 2007 Qian et al., , 2006 . This is the first time that the effects of multiple biogeochemical driving factors on river flow are investigated using the CLM4 model.
Model and Experimental Design

Model Description
[7] The CLM4 is the result of merging the biophysical framework of the CLM 3.5 Stöckli et al., 2008] with the fully prognostic carbon and nitrogen dynamics of the terrestrial biogeochemistry model Biome-BGC (version 4.1.2) [Thornton and Rosenbloom, 2005; Thornton et al., 2002] . The resulting model, CLM4, includes carbon-nitrogen biogeochemistry with prognostic carbon and nitrogen in vegetation, litter, and soil organic matter [Thornton and Zimmermann, 2007; Thornton et al., 2009] . The RTM is used for routing surface runoff into river channels, and through the channel network to the oceans. More details about RTM are described by Oleson et al. [2010] .
Experimental Design
[8] The CLM4 was used to simulate historical land surface conditions driven by a 57 year observationconstrained atmospheric forcing dataset [Qian et al., 2006] . The simulation was spun up for 1850 conditions (atmospheric CO 2 , nitrogen deposition, and land cover), driven by a repeating 25 year subset Figure S1 of the auxiliary material).
1 The details of the atmospheric CO 2 concentration and nitrogen deposition ( Figure S2 shows nitrogen deposition spatial distribution of 1948 and 2004, and time series from 1948 to 2004) are described by Bonan and Levis [2010] .
[9] We carry out 5 simulations and then use single simulations and differences between pairs of simulations to isolate the effects of changing CO 2 concentration, nitrogen deposition and land use change (Table 1) . We allow all factors (climate, atmospheric CO 2 , nitrogen deposition and land use change) to vary throughout the fully transient simulation (named ALL). To consider the impact of climate on river flow, we use historical climate but hold the other three factors constant at their values for 1850 (named CLIM). In the three remaining simulations we allow climate and one of the three factors to vary while holding the other two components constant at their 1850 values. These three simulations (E1 = climate and CO 2 , E2 = climate and nitrogen deposition, E3 = climate and land use change) are compared to experiment CLIM (through differencing) to isolate individual effects. Experiments named CO 2 (E1-CLIM), NDEP (E2-CLIM) and LUC (E3-CLIM) isolate the contributions of increasing atmospheric CO 2 concentration, increasing anthropogenic nitrogen deposition and land use change, respectively.
Results and Discussions
[10] We first compare the model against historical river flow for the world's top 50 rivers over the period . Figure 1a compares, on logarithmic scales, the CLM4 simulated annual river flows from simulation ALL with observations from farthest downstream gauges [from Dai et al., 2009] . The simulated and observed river flows are highly correlated (R 2 = 0.92 on linear scale). The large scatter for high values of river flow in Figure 1a reflects the fact that high river flow is more difficult to simulate than low river flow. Figure 1b compares observed and predicted (simulation ALL) trends in annual river flow over the period 1948-2004 for the world's 50 largest rivers. The predicted and observed trends in river flow are significantly correlated, although the simulation captures only a modest fraction of the observed variance (R 2 = 0.25). The comparisons suggest that it is valid to use the CLM4 model simulations to evaluate the mechanisms controlling the river flow change.
[11] Figure 1c shows simulated annual anomalies of global averaged river flow, with the linear trends for the period 1948-2004 summarized in Table 2 . River flow from simulations CLIM and ALL shows significant decreasing trends with rates of −0.0174 ± 0.0044 km 3 yr −1 and −0.0123 ± 0.0044 km 3 yr −1 , respectively (attained significance level p = 0.0002 and 0.0073, respectively). Simulation CO 2 shows an increasing trend with a rate of 0.0064 ± 0.0002 km 3 yr −1 (p < 0.0001). Nitrogen deposition and land use change have small significant effects on the modeled global-scale river flow, with trends of −0.0006 ± 0.00002 km 3 yr −1 and −0.0003 ± 0.00009 km 3 yr −1 , respectively (p<0.0001). The modeled river flow shows large interannual and decadal variations forced by climate variability, which is consistent with previous studies [Cluis and Laberge, 2001; Dai et al., , 2009 Huntington, 2006] .
[12] Figure 2 shows the spatial distribution of the CLM4 simulated river flow trends (Figures 2a-2e ) and their dominant driving factors (Figure 2g ), trends in precipitation (Figure 2f ) during 1948-2004, and 10 selected river basin regions (Figure 2h ). While river flow decrease/increase may be attributed to more than one factor for any given watershed, the one with the largest contribution is defined as the dominant factor for that region. Despite the significant global decrease in river flow for the simulation ALL, there is a pronounced geographical heterogeneity in its trends (Figure 2a) , reflecting the spatial patterns of changes in climatic conditions (Figure 2b ), chiefly in precipitation (Figure 2f ). Significant decreases in river flow are found for large areas of the globe, including Eurasia, Alaska, Canada, western part of Amazon and central South America, Eastern Australia, and central and southern Africa (Figure 2a) , where downward trends in annual precipitation are also found (Figure 2f ). In contrast, increasing trends in river flow are found for central Europe, some part of Asia, North Africa, most part of United States including Mississippi river basin, central and western Australia, eastern part of Amazon basin and southeastern South America. Similar spatial patterns of river flow trends are also found from CLIM simulation (Figure 2b ), also consistent with trends in precipitation (Figure 2f) . These results agree with the conclusions drawn from river flow records. For example, decreased river flow has been reported over many Canadian river basins [Zhang et al., 2001] while increased river flow has been reported over other regions, such as many parts of United States [Groisman et al., 2001; Lins and Slack, 1999] and southeastern South America [Genta et al., 1998; Pasquini and Depetris, 2007] . Simulated river flow over Siberia region, including Yenisei river basin, shows a decreasing trend during 1948-2004 ( Figure 2a and Table 3 ). This contradicts the upward trend in Yenisei's river flow rates since 1960s reported by Yang and Ye [2004] . A mechanism for the observed increase has not been identified by them.
[13] As mentioned above, in response to increasing CO 2 , global averaged river flow shows a significant upward trend. Figure 2c also demonstrates that increasing trends in river flow appear in most parts of globe, excluding some part of Figures 2a-2f mean the trend is statistically significant at the 5% level based on 2-sided Student's t test.
Eurasia, southwestern United States, South Africa and some parts of eastern central Africa, some areas of western and southern Australia. Similar patterns are found for simulated river runoff ( Figure S3c ). LAI shows an upward trend in most parts of globe ( Figure S3a ), while transpiration shows mostly downward trends ( Figure S3e ). This result is similar to previous conclusions [Alkama et al., 2010; Betts et al., 2007; Cramer et al., 2001; Felzer et al., 2009] .
[14] Increasing anthropogenic nitrogen deposition caused decreasing trends in river flow over most regions, except north of Africa and some parts of Eurasia, and Greenland (Figure 2d) . Meanwhile, anthropogenic nitrogen depositions of Southeast of China, West Europe, Southeast of United States and Central Africa have increased during the study period (Figures S2a and S2b) where river flows have decreased significantly. Our NDEP simulation suggests that increasing anthropogenic nitrogen deposition can alleviate the nitrogen limitation effect on photosynthesis resulting in increasing LAI ( Figure S3b ) and transpiration ( Figure S3f ), leading to less runoff ( Figure S3d ) and decreasing river flow (Figure 2d ). Previous studies also have reported that anthropogenic nitrogen deposition has relieved nitrogen limitation in temperate and boreal forests [Magnani et al., 2007; Melillo and Steudler, 1989] . A recent study shows that consideration of nitrogen limitation and ozone damage on photosynthesis increases future runoff by 6-11% [Felzer et al., 2009] , however that study did not explicitly model nitrogen deposition.
[15] The overall impact of land use change on global scale river flow trend is the smallest of the factors considered here. However, river flow distribution in the simulation LUC shows regionally heterogeneous trends. Pronounced decreases are observed in North Africa, southern China, Amazonian river basin region and north central part of Australia (Figure 2e ), where increasing ET (results not shown) due to land use change results in less river flow. Over Southern China, increases in crop and pasture lands (Figures S1e-S1h) induce increasing ET, and result in less river flow. Over the Amazonian river basin and North Africa, the decreasing river flow might arise from increasing ET caused by conversion from primary to secondary forest ( Figures S1a-S1d) . Studying the effect of land use change on Chinese region water resource, Liu et al. [2008] also reported that deforestation leads to an average increased ET for the 20th century, due to the irrigation of the agricultural land replacing forest. Our simulations do not include the influence of irrigation, but land use conversions in this region still lead to increased ET.
[16] Figure 2g shows that climate forcing is the primary driving factor in river flow over most parts of globe, but CO 2 is the main cause over some parts of northern Europe and United States, and Amazon River basin region. Land use change plays an important role in a few parts of globe, such as southeastern China, and northwestern United Stated.
[17] To quantify the effect of different driving factors on regional scale river flow change trends, we selected 10 river basin regions from different continents (Figure 2h ) and calculated their river flow trends for all simulations, summarized in Table 3 . The river flow trends of most river basin regions are negative, except for Amazon, Mississippi and Volga river basin regions. Climate forcing is the primary driving factor in global scale simulated river flow, and then atmospheric CO 2 concentration, followed by nitrogen deposition and land use change accounting for about 5% and 2.5% of the decreasing trend, respectively. However, the same order of factors does not apply for regional scale simulated river flow (Figure 2g and Table 3 ). For example, atmospheric CO 2 concentration is the main cause of simulated river flow change for Amazon River basin region, and land use change plays a more important role than nitrogen deposition for simulated river flow trend in Yangzte river valley region (land use change and nitrogen deposition account for about 27.4% and 4.7%, respectively).
Summary
[18] In this study, results from process-based simulations of global river flow using the CLM4 model suggest that significant decrease in global averaged river flow during 1948-2004 is mainly a consequence of climate forcing. In addition, nitrogen deposition and land use change make minor contributions to this decreasing trend. In contrast, CO 2 causes an increasing trend of global scale river flow. Our result is consistent with the conclusion reported by Dai et al. [2009] , who qualitatively showed that direct human influence on annual river flow is likely small compared with climatic forcing during 1948-2004 for most of the world's major rivers. Moreover, our results also showed that the relative role of different driving factors is not constant across the globe. On the basis of our model results, not only the roles of climate forcing but also vegetation-hydrology interactions and land use change should be considered when projecting future changes in hydrologic processes.
[19] The river routing scheme currently used in CLM4 does not explicitly account for reservoir operation. This may not be a serious problem for analysis such as ours at the annual time scale, since the influence of reservoirs on annual river flow is likely small [Dai et al., 2009] . Our simulations do not consider ozone pollution, or changes in aerosols or solar irradiance, all of which might influence regional and global trends. Further studies are still needed to quantify the effects of these additional factors on river flow.
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